Abstract Enhanced biological phosphorus removal (EBPR) activated sludge was operated in a laboratoryscale sequencing batch reactor (SBR) fed with acetate as the sole carbon source. The microbial community of the sludge was analyzed using the polymerase chain reaction (PCR) -denaturing gradient gel electrophoresis (DGGE) method for about 2 months of start-up period. As a result, the number of major bands decreased during the enrichment, indicating that the microbial community structure was getting simpler. Since the phosphate removal activity was maintained at a high level, the bacteria which still remained at the end can be considered as the important bacteria playing key roles in the present EBPR sludge, maybe polyphosphate accumulating organisms (PAOs). The dominant band in the last sample on the DGGE gel was excised and the DNA recovered from it was sequenced. The sequence was closely related to one of the putative PAOs group which Crocetti et al. (2000) and Hesselmann et al. (1999) have proposed. This PAOs group is closely related to the Rhodocyclus group (b-Proteobacteria). The fluorescence in situ hybridization (FISH) method with the probe specific for this PAOs group and the DAPI staining at a phosphate-probing concentration indirectly showed that these Rhodocyclus related bacteria really accumulated polyphosphate.
Introduction
Due to an increased eutrophication of rivers and lakes, the enhanced biological phosphorus removal (EBPR) process is now taken notice of. The EBPR process is primary characterized by circulation of activated sludge through the anaerobic and aerobic phases, coupled with the introduction of influent wastewater into the anaerobic phase. By this anaerobicaerobic configuration, the bacteria which accumulate polyphosphate are selected and grow to dominance in the process. Phosphorus removal from the wastewater can be achieved by withdrawing these polyphosphate accumulating organisms (PAOs) as excess sludge (Mino et al., 1998) .
However, the strategy of controlling the EBPR process has not been established yet. It is sometimes observed that the sludge suddenly loses the phosphorus removal activity, and the reason for this phenomenon is still unknown. This is mainly because any PAOs that can work in the real EBPR sludge have not been isolated yet in spite of many research efforts, and because there is not enough information about the whole bacterial community in EBPR sludge. To understand the microbial community in the EBPR sludge and to explain the reactor performance from the viewpoint of the microbial community is still important.
Nowadays, new methods for analyzing microbial community such as molecular methods have become available, and many new results about the microbial community of EBPR sludge have started to be reported. However, only few reports revealed the relationship between communities and performances.
In this study, the EBPR sludge was operated in a laboratory-scale sequencing batch reactor (SBR). A simple composition of the substrate was selected for this sludge, so that a less diverse microbial community could be formed. We expected that the microbial community should consist of only bacteria essential for EBPR processes. In this sense, the polymerase chain reaction -denaturing gradient gel electrophoresis (PCR-DGGE) method was used for analyzing the microbial community. The PCR-DGGE method is suitable for monitoring the diversity of the whole community, because the community structures can be visualized as the band patterns on the DGGE gel. The reactor performances (P removal or DOC removal) were also analyzed at the same time as the PCR-DGGE method. If we observe a very simple band pattern of the DGGE gel and good EBPR performance at the same time, we can understand the relationship between the community and the performance.
We also used the fluorescence in situ hybridization (FISH) method and the phosphate staining techniques to check which bacteria do accumulate polyphosphate in situ.
Methods

Operation of the SBR
A laboratory-scale SBR with working volume of 10 litres ( Figure 1 ) was operated under the anaerobic-aerobic configuration, and the PAOs were enriched in this reactor. The activated sludge taken from a real wastewater treatment plant (WWTP) in Tokyo was used for seed sludge. The time sequencing was shown in Figure 2 . One cycle of 6 hours is divided into 30 min of discharge phase, 30 min of feeding phase, 1.5 hours of anaerobic phase, 2.5 hours of aerobic phase and 1 hour of settling phase. In each cycle, about 100 ml of concentrated substrate (8,000 mgTOC/L) and tap water was added in the feed phase, and 6 L of supernatant was withdrawn after the settling phase, which corresponds to 10 hours of HRT. Excess sludge was wasted by withdrawing mixed liquor at the end of the aerobic phase. Average SRT was about 15 days. During the feeding phase, dissolved oxygen was removed by N 2 purge. pH was controlled between 7.0 and 7.2 using a pH controller. The composition of the substrate was shown in Table 1 . It contained only acetate as a carbon source so that less diverse microbial community could be formed.
Chemical analysis
The reactor performance was monitored by measuring DOC, phosphate, acetate, nitrite and nitrate in the supernatant, as well as phosphorus content (TP) of the sludge, MLSS and MLVSS. DOC was measured by TOC analyzer (TOC-500, Shimadzu). Each anion (phosphate, acetate, nitrite and nitrate) was measured by capillary ion analyzer (CIA, Waters).
Microbial community analysis
Sampling and DNA extraction. The microbial community samples were taken at the same time as the samples for chemical analyses in order that we should know the relationship between the population dynamics and the performance. Some amount of mixed liquor was collected at the end of the aerobic phase, and stored in liquid nitrogen immediately. After thawing, the amount of mixed liquor which contained about 1.5 mgMLSS was taken and centrifuged. After centrifugation, supernatant was removed and genomic DNA was extracted from the remaining pellet with benzyl chloride as described by Zhu et al. (1993) , and was purified by ethanol precipitation.
PCR. 16S rDNA fragments corresponding to position 341 to 534 in E. coli were amplified by PCR using primers complementary to the conserved regions (Muyzer et al., 1993) . The nucleotide sequence of the forward primer (341fGC) is as follows: 5′-CGCCCGC-CGCGCGCGGCGGGCGGGGCGGGGGCACGGG GGGCCTACGGGAGGCAGCAG-3′. This primer contains at its 5′ end a 40 base GC clamp to stabilize the melting behavior of the DNA fragments. The remaining sequence (5′-CCTACGGGAGGCAGC AG-3′) also can be used as a forward primer (341f), which is specific for eubacteria. The sequence of reverse primer (534r) is as follows: 5′-ATTACCGCGGCTGCTGG-3′, which is the universal consensus sequence.
PCR amplifications were performed using Ampli Taq Gold DNA polymerase (PerkinElmer Japan, Co. Ltd., Applied Biosystems, Chiba, Japan) according to the instructions provided by the manufacturers, and a GeneAmp PCR system model 9600 (Perkin-Elmer) was used. The samples were preincubated at 95°C for 10 min. The PCR cycle consisted of 30 sec of denaturation at 94°C, 30 sec of annealing at 53°C and 30 sec of extension at 72°C. his cycle was repeated 35 times and then incubated at 72°C for 10 min for the final extension.
DGGE and sequencing. DGGE was performed as described by Muyzer et al. (1993) and Onuki et al. (2000) . Denaturing gradient was made by using Model 475 gradient delivery system (Bio-Rad Laboratories Inc., Hercules, Calif.), and the electrophoresis was run by DCode system (Bio-Rad) for 6 or 7 hours at 60°C and 180 V. After electrophoresis, the gels were stained with Vistra Green (Amersham Life Science Ltd., UK) for 15 minutes and documented by a fluorescent image analyzer (FluorImager 595, Molecular Dynamics Japan, Inc., Tokyo, Japan). Major bands were excised from the gels and soaked into 50 µl of sterilized water. DNA was recovered from the gel fragments by performing "freeze and thaw" more than 3 times. DNA fragments recovered from DGGE bands were reamplified with forward primer 341fGC or 341f and reverse primer 534r. Reamplification conditions were all the same as the first PCR except for the number of cycles. The number of cycles was reduced to 20 or 25 to minimize the amplification of contaminants. The reamplification products were directly sequenced with DNA sequencer SQ-5500 (Hitachi, Tokyo, Japan). The sequencing reaction was done by using the Thermo Sequenase Core Sequencing Kit (Amersham International plc, UK) and 341f and 534r primers labeled with Texas Red according to the instruction provided by Amersham and Hitachi.
The sequences obtained from the DGGE bands were compared to GenBank database with a Basic Local Alignment Search Tool (BLAST) to retrieve similar sequences and phylogenetically related species. These sequences obtained from the DGGE bands and their similar sequences from the database were aligned, and phylogenetic distance was calculated by the neighbor joining method using CLUSTAL W (Thompson et al., 1994) . With this distance matrix, a phylogenetic tree was drawn by TREE VIEW (http://taxonomy. zoology.gla.ac.uk/rod/treeview.html).
FISH. Fixation and in situ hybridization were performed as descried by Amann (1995) and Onuki et al. (2000) . The fixation solution (4% paraformaldehyde in phosphate buffered saline (PBS; 130mM sodium chloride, 10 mM sodium phosphate buffer [pH 7.2])) was added to the sludge sample after thawing. The samples were fixed for 3 hours, and then fixation solution was removed. The samples were resuspended in a 1:1 mixture of 1×PBS and 99% ethanol.
Fixed samples were immobilized on precleaned, gelatin-coated slide glasses by air drying followed by dehydration in 50, 80, and 99% (vol/vol) ethanol (3 min each).
Oligonucleotide probes were synthesized and labeled with FITC or X-rhodamine isothiocyanate (XRITC) by Takara Shuzo Co., Ltd. (Shiga, Japan). Hybridizations of the samples immobilized on the slide glasses were done as described by Amann (1995) .
DAPI staining for polyphosphate. When 4′,6-diamidino-2-phenylindole (DAPI) is used at a high concentration, it also stains polyphosphate granules (Streichan et al., 1990 and Kawaharasaki et al., 1999) . DNA-DAPI fluorescence is blue white and polyphosphate-DAPI fluorescence is bright yellow. DAPI staining (for polyphosphate) was performed as described by Kawaharasaki et al. (1999) . DAPI solution (50 µg/ml of PBS) was put on the samples on the slides. After a few minutes, the slides were washed with milli-Q water and dried at room temperature.
Microscopic analysis. Slide glasses were observed with a fluorescence microscope BH2 (Olympus Optical Co., Ltd, Tokyo, Japan), and color photographs were taken by CCD camera (DP-50, Olympus Optical Co., Ltd, Tokyo, Japan).
Results and discussion
Reactor performance
Performance of the SBR in these two months and the typical profiles of dissolved parameters in one cycle are shown in Figures 3 and 4 , respectively. The unique metabolic characteristics of PAOs are uptake of acetate or DOC and concomitant release of phosphate in the anaerobic phase, and the uptake of phosphate in the subsequent aerobic phase. In this viewpoint, the phosphate removal activity was not expressed during the first week, because only a small amount of acetate uptake in the anaerobic phase was observed.
On day 13, the uptake of acetate and the release of phosphate in the anaerobic phase became significant. It can be concluded that the phosphate removal activity started to increase on day 13 and kept increasing until day 31, because the phosphorus content of the sludge kept increasing until day 31.
On day 38, anaerobic acetate uptake was not completed and the phosphorus content of the sludge suddenly decreased, indicating that the phosphate removal activity suddenly decreased (the reason is not clear). Later, on day 45 and 51, the phosphorus removal activity was gradually recovered. On day 51, very rapid acetate uptake and phosphate release in the anaerobic phase were observed (Figure 4) , although the phosphorus content of the sludge had not been recovered yet (Figure 3 ). 
PCR-DGGE
Microbial communities of the first 7 days were investigated by the DGGE (Figure 5 ). During this period, phosphate removal activity was not observed, and the microbial community structure expressed as DGGE band pattern did not change. One week was too short for the microbial community structure to change.
Then, the population dynamics during the whole operational period was analyzed by the DGGE (Figure 6 ). The phosphate removal activity started to increase on day 13 and kept increasing until day 31 and then suddenly decreased on day 38. However, the diversity of the whole community did not change significantly judging from the DGGE band pattern, although some bands appeared and others disappeared. It can be concluded that the phosphate removal activity can start to increase before the change of microbial community structure is detected by the DGGE analysis.
On day 45 and 51, while the phosphate removal activity was gradually recovered, the microbial community structure was getting simple. Only bands h and k were getting clear. Because there may be several kinds of biases (such as DNA extraction biases and PCR biases), it is dangerous to decide that band h represents the dominant species in this community. However, at least, appearance of a new band or increase of the same band's intensity with time can be considered as the increase of the corresponding bacteria in the real community. Because band h was getting thicker and thicker throughout the operational period and band k appeared newly in the EBPR sludge with good phosphate removal activity, these bands can be considered to represent bacteria playing key roles in the present EBPR process.
It can also be concluded that it took much time for the microbial community to become simple enough. . (2000) . B) Clones reported by Hesselmann et al. (1999) the sequence of band h is closely related to or even involved in the putative PAOs cluster proposed by Hesselmann et al. (1999) and Crocetti et al. (2000) . The sequence similarity between band h and the other clones (Clone SBRA245A, Clone SBRA220, Clone SBRB3414 and Rhodocyclus sp. Clone R6) was 98% (the number of mismatches was two or three).
Band a and b, which appeared on day 17 and then disappeared, and band c, which is detected at the beginning and disappeared on day 22, were both related to the CytophagtaFlavobacterium division. However, the reason why the behavior of band a, b and c were different is not clear.
FISH and DAPI staining at a phosphate-probing concentration Hesselmann et al. (1999) and Crocetti et al. (2000) developed their own probes specific for their putative PAO clones (RHX456, RHX991, PAO462, PAO651 and PAO864). Among these probes, RHX456 and PAO462 have the target site inside the 341-534 region (E. coli position). We thus, compared the sequence of band h and probe sequences of RHX456 and PAO462. As a result, the target sequence of PAO462 was found in the sequence of band h. It was shown that PAO462 is available for specific detection of the putative PAOs cluster including band h (Figure 7) .
In order to check whether the bacteria represented by band h really exist in the sludge and whether this bacteria really accumulates polyphosphate at the end of the aerobic phase or not, the sample of day 31 was analyzed with the PAO462 and the DAPI staining at a phosphate-probing concentration (Figure 8 ). Many PAO462 positive clusters were observed in the sample of day 31 (Figure 8 (C) ), while none or very little of them was detected in the seed sludge (data not shown), indicating that the bacteria represented by band h really increased during the operational period.
The clusters which seemed to be the same as PAO462-positive clusters were also stained by DAPI (Figure 8 (A) ). Dual staining of FISH and DAPI staining (for polyphosphate) was impossible. However, since many PAO462-positive clusters and also many DAPIpositive clusters were detected separately and the morphology of each cluster was quite similar, it was indirectly shown that the bacteria represented by band h really accumulate polyphosphate.
